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The Structure of the Fusion Glycoprotein of
Newcastle Disease Virus Suggests a Novel Paradigm
for the Molecular Mechanism of Membrane Fusion
Introduction
The Paramyxoviridae family of enveloped negative-
stranded RNA viruses includes a number of major hu-
man and animal pathogens [1]. Their mechanism of in-
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Parkville, Victoria 3052 fection is believed to proceed via attachment to target
cells, followed by fusion of the host cell and viral mem-Australia
branes. The fusion process is mediated by a viral surface
glycoprotein F, while attachment is mediated by either
hemagglutinin-neuraminidase (HN), hemagglutinin (H),
Summary
or the surface glycoprotein G, depending on the genus
[2]. The molecular events involved in membrane fusion
Background: Membrane fusion within the Paramyxo-
are poorly understood [3–5], but structural studies of
viridae family of viruses is mediated by a surface glyco-
fusion proteins from a variety of enveloped viruses and
protein termed the “F”, or fusion, protein. Membrane
of proteins involved in vesicular fusion [6] suggest com-
fusion is assumed to involve a series of structural transi-
mon themes. Viral fusion proteins are synthesized as
tions of F from a metastable (prefusion) state to a highly
single-chain precursors, termed F0 in the paramyxoviralstable (postfusion) state. No detail is available at the
case, which assemble to form trimers within the endo-
atomic level regarding the metastable form of these pro-
plasmic reticulum. The precursors undergo proteolytic
teins or regarding the transitions accompanying fusion.
cleavage to form two chains, which may be covalently
linked. In the paramyxoviral case, the fragments are
termed F2 (N-terminal) and F1 (C-terminal), respectively,Results: The three-dimensional structure of the fusion
and are disulphide linked. In all instances, the matureprotein of Newcastle disease virus (NDV-F) has been
protein is anchored into the viral membrane via a hy-determined. The trimeric NDV-F molecule is organized
drophobic segment at the C terminus, while a furtherinto head, neck, and stalk regions. The head is com-
hydrophobic segment termed the fusion peptide is lo-prised of a highly twisted b domain and an additional
cated at the newly created N terminus (i.e., of F1).immunoglobulin-like b domain. The neck is formed by
Paradigms for the molecular events involved in fusionthe C-terminal extension of the heptad repeat region
are based primarily on the extensively studied systemHR-A, capped by a four-helical bundle. The C terminus
of influenza virus hemagglutinin (HA) [7]. Prior to theirof HR-A is encased by a further helix HR-C and a
interaction with the host cell, fusion proteins are be-4-stranded b sheet. The stalk is formed by the remaining
lieved to be in a metastable conformation, and a numbervisible portion of HR-A and by polypeptide immediately
of three-dimensional structures of fusion proteins in thisN-terminal to the C-terminal heptad repeat region HR-B.
form are available [8–10]. The protein then undergoes aAn axial channel extends through the head and neck
conformational change that exposes the fusion peptideand is fenestrated by three large radial channels located
and results in its subsequent embedding in the host cellapproximately at the head–neck interface.
membrane. Further conformational changes are then
presumed to occur, with the fusion peptide and the
Conclusion: We propose that prior to fusion activation, viral transmembrane anchor being brought into close
the hydrophobic fusion peptides in NDV-F are seques- proximity, implicitly fusing their attached host cell and
tered within the radial channels within the head, with viral membranes. At the completion of the fusion event,
the central HR-A coiled coil being only partly formed. the protein is presumed to adopt a highly stable confor-
Fusion activation then involves, inter alia, the assembly mation. While three-dimensional structures are also
of a complete HR-A coiled coil, with the fusion peptides available for fusion proteins in this form [11–21], not all
and transmembrane anchors being brought into close are of intact protein, with some including only polypep-
proximity. The structure of NDV-F is fundamentally dif- tide fragments or proteolytically stable cores. However,
ferent than that of influenza virus hemagglutinin, in that they all exhibit a central triple-helical coiled coil that is
the central coiled coil is in the opposite orientation with assembled from residues immediately C-terminal to the
respect to the viral membrane. fusion peptide. In the grooves of the coiled coil, in anti-
parallel orientation, lie additional polypeptide segments
comprising residues immediately N-terminal to the§ To whom correspondence should be addressed (e-mail: mike.
lawrence@hsn.csiro.au). transmembrane anchor. The antiparallel nature of this
k Deceased (June 17, 1998). assembly arguably places the fusion peptide and trans-
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a paramyxoviral fusion protein is that of the trimeric
complex formed by two peptides [11] of simian virus
type 5 (SV5) F. These peptides, termed N1 and C1, en-
compass the so-called HR-A and HR-B heptad repeat
regions of F1 [22, 23]. The three N1/C1 pairs assemble
into the antiparallel coiled-coil-like structure described
above. While N1 and C1 are truncated short of the fusion
peptide and the transmembrane anchor, respectively,
the structure would place these segments in close prox-
imity to each other at one end of the fragment. All para-
myxoviral fusion proteins contain the HR-A and HR-B
regions, and hence it is likely that the SV5-F structure
is representative of their association within these pro-
teins as well. However, the SV5-F-N1/C1 complex con-
tains only about 20% of the ectodomain residues of the Figure 1. Progressive Degradation of NDV-F, as Shown by 12%
SDS-PAGE Analysismature protein; nothing is known about the structure of
the remainder of the protein or about the conformation Lane 1: protein immediately after purification by gel filtration.
Lane 2: protein immediately after purification by gel filtration 1 5of the protein prior to fusion activation.
mM dithiothreitol (DTT).We present here the structure of NDV-F determined
Lane 3: protein stored at 48C.via X-ray crystallography to 3.3 A˚ resolution. During the
Lane 4: protein stored at 48C 1 5 mM DTT.
time course of crystallization, progressive proteolytic Lane 5: protein recovered from a single crystal dissolved after exten-
degradation of the protein occurred; while this compli- sive washing.
Lane 6: protein from same sample as Lane 5 1 5 mM DTT.cates interpretation, we consider that the structure pro-
The molecular weight of intact F0 is 60 kDa. Two lower molecularvides the first view of the metastable conformation of a
weight bands (at 50 kDa and 10 kDa) appear under reducing condi-paramyxoviral F protein and of the possible structural
tions; these species constitute z75% of the dissolved crystal ma-
transitions upon fusion activation. terial.
Overview of the StructureResults
Our atomic model of NDV-F consists of six copies of
residues 33–105 and 171–454 assembled into two tri-Crystal Content
mers within the crystallographic asymmetric unit. TheOur experiment was designed to produce the intact ec-
remaining residues of the recombinant protein are be-todomain of the NDV-F precursor protein F0 with a purifi-
lieved to be either disordered within the crystal or partlycation tag in place of the native transmembrane resi-
absent as a result of the proteolytic degradation. Thedues. The strain of NDV from which our F protein
atomic model can be divided into head, neck, and stalkconstruct was derived lacks the normal polybasic furin
regions, as shown in Figure 2. A striking feature is thecleavage site between F2 and F1. The expression system
used is also incapable of cleaving the F0 polypeptide
at this site, although postproduction cleavage can be
achieved by the addition of exogenous trypsin. While
no such trypsin was added prior to crystallization, our
electron density maps indicated that the protein in the
crystals was proteolytically degraded at at least one
site. Degradation was subsequently confirmed by a
comparison of the original SDS-PAGE gels of the protein
obtained during purification with those obtained from
protein that had been stored and from protein that was
derived from a dissolved crystal (Figure 1). The latter
gels showed the progressive appearance of two bands
additional to the original single intact F0 band, with these
additional bands constituting approximately 75% of the
detectable protein obtained from the crystal. N-terminal
sequencing of the dissolved crystal material yielded the
sequence SALIQAN···, identifiable as residues S139 on- Figure 2. Overview of the X-Ray Structure of the NDV-F Trimer
ward, in addition to the expected F0/F2 N-terminal se- Left-hand panel: NDV-F viewed orthogonal to the three-fold molecu-
quence. Further unidentifiable minor sequences were lar axis, with head uppermost. The dimensions of the three structural
regions are indicated, as well as the location of the radial channelalso detected (data not shown). S139 lies 22 residues
at the head-neck interface.C-terminal of the natural cleavage site, and cleavage at
Right-hand panel: NDV-F viewed down the three-fold axis, orientedthis site would produce fragments of molecular weight
with the head toward the viewer. The location of the axial channel
that are compatible with the additional bands seen in is indicated. The three constituent monomers are colored red,
the SDS gel. Further, though limited, degradation at the mauve, and gold, respectively.
The figure was generated using GRASP [48].C termini of these fragments is not precluded.
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Figure 3. Topology Diagram of the Head,
Neck, and Stalk Regions of NDV-F, Including
Schematic Representations of the Individual
Domains within Each Monomer
The b barrel domain I and the immunoglobu-
lin-like domain II of the head are colored yel-
low and green, respectively. The central
coiled-coil helix HR-A spans both the neck
and stalk regions and is colored blue, as are
b domain III and helix HR-C. Residues within
domain III that originate from a neighboring
monomer as well as the putative helix HR-B
are colored light blue. The irregular four-heli-
cal bundle within the neck region is colored
pink. Dashed lines and speckled regions indi-
cate putative elements of the protein fold that
are either not observed or interpretable in the
electron density. The fusion peptide is shown
as a zig-zag. The location of the native F2–F1
cleavage site (R116) and the site of proteo-
lytic cleavage (S139) during sample prepara-
tion are indicated by a single and double scis-
sors symbol, respectively. Individual domains
are drawn in an arbitrary orientation for clar-
ity, and their interconnection is indicated by
placing a closed symbol at the C-terminal res-
idue in one domain and the corresponding
open symbol at the connecting N-terminal
residue in the second domain (d!s, etc.).
The figure was generated using MOLSCRIPT
[49] and Raster3D [50].
axial and radial channels that perforate the head and of NDV-F is considerably smaller than both of these
neck. The 50 A˚ long axial channel extends from the (z57 residues compared to 93 and 85, respectively).
topmost surface of the head region to a termination point Domain I is a highly twisted 7-stranded b barrel–like
approximately 10 A˚ below the head–neck interface. The assembly; the constituent strands are predominantly
radial channels connect to the axial channel, these have antiparallel in topology and are denoted Ia–Ig. The
an average diameter of approximately 20 A˚ at the point N-terminal portion of F2 enters the sheet of domain I via
of opening onto the outermost surface of the molecule a two-turn helix H1. A b bulge formed in the association
and taper to approximately 8 A˚ before opening into the between strands Ia and Ib causes the plane of the sheet
axial channel. The molecule is similar in appearance to bend through more than 908, introducing an “elbow-
to the club-shaped images we obtained via electron like” geometry to its conformation. The plane of the
microscopy (EM) of dissolved crystalline NDV-F, except sheet is further distorted by an almost 908 twist between
that the stalk of the particle appears to extend an addi- strands Ic and Id, allowing the reverse interconnections
tional z55 A˚ in the EM images. We will show that this between strands Id and Ie and between strands If and
terminal region is likely present in our crystals but is Ig to be formed. The combination of the bend and twist
weakly ordered. together with these latter interconnections produce the
The structure of the individual domains within the barrel-like geometry of the domain sheet. A single disul-
head, neck, and stalk regions will now be described in phide bridge occurs within the barrel between C338
detail. These are illustrated in Figure 3, and their assem- and C347; the core of the barrel is closely packed and
bly into the NDV-F monomer and trimer are shown in overwhelmingly hydrophobic.
Figure 4. The location of individual secondary structural Domain II is an immunoglobulin-like b sandwich do-
elements within the amino acid sequence of NDV-F is main and it forms the opposite wall of the radial channel.
shown in Figure 5.
It is connected via a 27 residue polypeptide segment to
strand Ig of domain I. The linker segment contains a
two-turn helix H2 and a disulphide link, C362–C370.The Head Region
N366, within the linker segment, is a potential N-linkedThe head region of each monomer consists of two b
glycosylation site; while some indication of the glycandomains, I and II, arranged in an arc to form the upper
is present in the (2Fo-Fc) sA-weighted electron densitywalls of the radial channel at the intersection of the head
map at this site, it is not sufficiently well ordered toand the neck layers. The geometry of domain I appears
allow modeling. The b sandwich itself consists of sevennovel, while the nearest structural neighbors located
antiparallel strands denoted IIa–IIg. C394 is disulphide-by DALI [24] for domain II are the immunoglobulin-like
linked to C399, and C401 is disulphide-linked to C424.domain of the killer cell inhibitory receptor fragment
The core of the sandwich is, again, overwhelmingly hy-(Protein Data Bank entry 1nkr) and of the fibronectin
fragment (entry 2fnb). The immunoglobulin-like domain drophobic.
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Figure 4. Stereo Backbone Trace of NDV-F
as Observed in Our Structure
(a) Monomer only, with every 20th residue and
the observed termini labeled. The vertical
lines indicate the three-fold axis, and the
color scheme for individual domains corre-
sponds to that of Figure 3.
(b) Trimer, with individual monomers colored
as in Figure 2.
The figure was generated using MOLSCRIPT
[49].
The Neck Region at N85, and two N-acetylglucosamine (NAG) residues
were built attached to each of the six copies of thatCentral to both the neck and stalk regions is a triple-
helical coiled coil, encompassing three copies of resi- residue.
As noted above, b domain III is assembled from poly-dues G171–F221. The observed length thus extends the
hitherto recognized HR-A region [11, 22, 23] by an addi- peptides from neighboring monomers. Viewed from
above, our model connects b domain I to its clockwisetional 21 residues in the C-terminal direction. HR-A is
capped at its C terminus by an irregular bundle of four neighbor, b domain II. While there was some indication
in the map of a connection to its anticlockwise neighbor,short a helices, denoted N1–N4. The terminus of the
axial channel lies within the three-fold-related assembly attempts at a connection in this fashion failed; such a
connection would have the attraction of keeping b do-of these helices, and its walls are formed by the N1 helix
and the loop connecting it to N2. A 4-stranded b domain main III intramonomer. While the clockwise path exhibits
a break in the density at K374, the overall fit of residuesIII surrounds the HR-A coiled coil within the neck region.
Strands IIIa and IIIc of this sheet can be viewed as to the density is significantly better than could be estab-
lished via any alternative anticlockwise connection.continuations of head strands Ia and Ib, respectively,
with a twist introduced in their connection by a “wide”
b bulge. Strand IIId is formed by a polypeptide from The Stalk Region
The HR-A coiled coil continues toward the N terminus,the F1 chain of a neighboring monomer as it exits the
immunoglobulin-like domain of that monomer. The third out of the base of the neck, and onwards to the base
of the stalk, with the total visible length of the coiledelement of the neck is an a helix formed by what we
term here the HR-C region (equivalent to the HR3 region coil being z75 A˚ in the structure presented here. The
packing of the HR-A coiled coil is mediated by the sidethat is recognized in RSV-F [23], but not recognized
prior for NDV-F). The HR-C helix is located within F2 chains of the heptad repeat, with the interactions at the
center of the coiled coil drifting from (a, d) to (b, e) asimmediately N-terminal to the processing site and is
disulphide-linked via C76 to C199 within the central one moves from G171 to F221, in a similar fashion to
the drift observed in HA [8, 25]. The drift is mediated byHR-A coiled coil. The N-terminal half of HR-C packs in
a parallel fashion into the groove of the central HR-A two 3-4-4-3 “stutters” [26] spanning residues V179–T193
and L197–N211, respectively. The first stutter corre-coiled coil. HR-C then has an outward bend at P94
and extends upward along the widening neck of NDV-F, sponds to the 3-4-4-4-3 disruption in the SV5-F-N1/C1
complex [11]. Partially ordered glycan is visible at N191,terminating at the mouth of the radial channel. No resi-
dues are visible in HR-C beyond S105. Glycan is visible and a single NAG residue could be built at this site on
Structure of NDV-F
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Figure 5. Sequence Alignment of NDV-F with SV5-F
Observed NDV-F secondary structural elements are included below the alignment in schematic form and are colored according to the scheme
of Figure 3. Cysteine residues are highlighted in yellow. The locations of the observed N-linked glycosylation sites are indicated by tree
symbols, and the locations of known escape mutations (see Table 1) are indicated by diamond symbols. The F2/F1 processing site is indicated
by a single downward arrow, and the detected site of proteolytic degradation is indicated by a double downward arrow. The numbering above
the sequences is that of NDV-F. The observed residues of the SV5-F-N1 and -C1 polypeptide segments [11] (122–184 and 440–477, respectively)
are indicated by solid red lines. The figure was generated using ALSCRIPT [51].
two of the six polypeptides and two NAG residues can atoms of the coiled coil also increase steadily down the
length of the stalk (from an average of about 17 A˚2 atbe built on a third. An approximately spherical feature
of electron density was detected on the coil axis in the V200 to 94 A˚2 at G171), compatible with such progressive
disorder. Packing in the C2221 cell is incomplete and3.5 A˚ map obtained by phase extension; it lay in a cavity
formed by the side chains of Q204, V208, and N211. demands an interaction between the stalk of one trimer
and the head of the next, located approximately coaxi-While the size and location of this feature were consis-
tent with that of a small ion, its electron density was ally at (21/2, 21/2, 0). Various attempts were made to
retrieve density within this volume via phase extension,only 2.0 s and it was, hence, not modeled further. The
remainder of the visible region of HR-A is otherwise well but without success (see Experimental Procedures). The
source of the disorder may relate to the fact that thepacked around the molecular axis. This contrasts with
the situation in HA (and HEF), where the lower (C-termi- three-fold axes of the trimers do not propagate through
the cell: the trimer axes are displaced by approximatelynal) residues of the central coiled coil are spaced away
from the central axis, in likely anticipation of dissociation 18 with respect to the x,y-diagonal, resulting in an ap-
proximately 3 A˚ offset of the axes in the normal planeupon transition to the low pH form.
Residues Q445–Q454 of NDV-F emerge from strand at the putative interface.
IIId to enter the groove of the HR-A coiled coil immedi-
ately below the N terminus of HR-C. Residues beyond Nature of the Axial and Radial Channels
The head region of NDV-F is approximately triangularQ454 are disordered and cannot be confidently mod-
eled. As noted above, neck strand IIId is from an adja- in radial cross-section, with the constituent b domains
arranged in arcs to form the axial and radial channelscent monomer and its continuation toward Q454 thus
lies in the groove formed by the HR-A helices of the (Figures 2 and 4). Side chains protruding into the axial
channel appear to be predominantly negatively chargedother two polypeptides. Glycan electron density was
visible at the N-linked site N447 and was sufficiently or polar in character. No salt bridges are apparent be-
tween any of these residues, and no interpretable elec-well ordered to allow the building of one NAG residue
at two of the six sites and two NAG residues and one tron density can be found in the channel in the (2Fo-Fc)
sA-weighted electron density map or in the initial 3.5 A˚mannose residue at a further one of the sites.
No interpretable difference electron density occurs in electron density map obtained by phase extension. In
the case of the latter map, there is, however, the possibil-HR-A N-terminal of G171 either in maps obtained from
phase extension or in maps obtained using model ity that density within the channel is misaveraged if it is
associated with stalk protrusions from a neighboringphases. There is some indication of radial disks of den-
sity in the phase extension maps; these disks continue molecule (see above). However, attempts to reenvelope
the trimer to allow for this possibility still did not producealong the central axis at a spacing consistent with the
coiled-coil heptad repeat, which suggests that the interpretable density. Side chains protruding into the
radial channel appear to be of mixed hydrophilicity.coiled coil may continue within a relatively small solid
angle of the axis. The thermal B factors of the backbone Again, no interpretable electron density could be found
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within the radial channels in either the sA-weighted or
the phase extension maps.
Discussion
The Missing Segments
Our model yields surprisingly good refinement statistics,
even though substantial portions of NDV-F0 are disor-
dered in the crystal, including regions required for the
maintenance of packing. We note that the precise stoi-
chiometric ratio of intact to degraded F0 in the crystals
is uncertain, and subsequent experiments (data not
shown) have revealed this ratio to vary with crystal age.
Indeed, prolonged storage yields solely degraded F0 in
the crystals. In our case, where the final data set used
for structure determination was derived from many crys-
tals at 48C, the synchrotron radiation employed also
potentially contributes to degradation and loss of order.
Nevertheless, what is clear is that both intact and de-
graded F0 are accommodated simultaneously within the
same lattice. While it is theoretically possible that only
one of these two components diffracts, it seems most
unlikely that crystal growth could be sustained with the Figure 6. Schematic of the Superposition of the Structure of the
gross level of disorder that that would imply. We propose SV5-F-N1/C1 Complex with the Stalk Region of NDV-F
that the balance of the evidence favors an interpreta- NDV-F elements are shown in transparent blue and light blue, follow-
tion that our crystals contain intact F0 in a form similar ing the color scheme of Figure 3; the SV5-F N1 HR-A segments are
shown in red; and the SV5-F C1 HR-B segments are shown in orange.to that of the prefusion (metastable) state of the native
The superposition was obtained by minimizing the rmsd of the Caprotein and also degraded F0 in a form similar to that of
coordinates of NDV-F HR-A residues G171–F190 with their corre-the postfusion (stable) state of the native protein, and
sponding counterparts in the SV5-F-N1/C1 complex (Figure 5). Thisthat these two forms are accommodated simultaneously
alignment fits the N terminus of SV5-F HR-A into the opening of the
in the lattice by virtue of having closely similar structures central channel of the neighboring NDV-F trimer (shown in cutaway
in their respective head regions. Our argument is based surface representation) located at (21/2, 1/2, 0) within the crystal.
The figure was produced using DINO [52] and Raster3D [50].on a comparison of our structure with that of SV5-F-
N1/C1 [11] as well as with antibody-labeling studies of
respiratory syncytial virus F protein (RSV-F) via negative
stain EM [27]. this region is indeed consistent with the supercoiling of
the HR-A helix in SV5-F-N1/C1. The N-terminal regionOur sequence alignment (Figure 5) places observed
NDV-F HR-A residues 171–199 in correspondence with of the overlaid HR-B in SV5-F (I449–Q465) also appears
to be located within a tube of density (data not shown).SV5-F-N1/C1 residues 157–185 and NDV-F residue
Q454 in correspondence with SV5-F-N1/C1 Q440. Fig- However, such onward helical extension of HR-A,
while possible in degraded F0, is not possible in intacture 6 presents an overlay of these structures based on
common HR-A residues alone. The overlay places NDV-F F0. The distance between NDV-F A138 (placed putatively
at the base of the SV5-F complex) and NDV-F S105 (atQ454 Ca within 5.0 A˚ of corresponding SVF-5 Q440 Ca,
and the directions of the polypeptide chain at these the C terminus of the HR-C helix) is approximately 140 A˚.
At 3.6 A˚/residue maximum for a fully extended polypep-residues are such that the onward extension of F1 at
Q454 in NDV-F leads naturally into the C1 peptide of tide, the 32 intervening residues would span, at most,
119 A˚ of this gap. Thus, while HR-A in degraded F0 couldSV5-F. SV5-F Q440 Ca is within 2.8 A˚ of NDV-F S453 Ca;
hence, this region may be considered as simply a single form the extended coiled coil shown in Figure 6, the
corresponding residues in F0 must adopt a different con-residue out of register with respect to the sequence
alignment. The structural overlay is striking in the con- formational path. We propose that in F0, the polypeptide
instead makes a reverse turn at (or near) G171 in ordertext of the crystal packing anomaly described above: it
extends NDV-F precisely the distance required to to connect upward toward S105, consistent with the
observed onset of disorder at G171. The distance be-achieve the anticipated, approximately coaxial head-to-
stalk stacking of adjacent trimers (Figure 6). Such an tween G171 and S105 is about 90 A˚ and could be
spanned by 60 residues in an a-helical conformationonward helical extension of HR-A N-terminal to G171
in the crystals is indeed visible in low-resolution maps or by 25 residues in an extended conformation. The
connection is hence feasible, provided that at leastobtained by phase extension in the P form cell (see
Experimental Procedures). In these maps, the onward some of the residues are in an extended conformation.
We note that this hairpin-like arrangement is somewhatextension of HR-A is apparent to at least SV5-F residue
A136 (equivalent to NDV-F residue N150), and while it analogous to the prefusion hairpin-like arrangement
found at the N terminus of the central coiled coil in BHAis not possible to confirm the a-helical conformation of
these residues, the left-handed twist to the density in [8] and HA0 [9]. While the detail of the connection path
Structure of NDV-F
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Figure 7. Proposed Arrangement of the Fu-
sion Peptide, HR-A, HR-B, and Transmem-
brane Anchor Elements of NDV-F in its Meta-
stable Form and Stable Form
(a) In the metastable (prefusion) form, the fu-
sion peptide is proposed to be sequestered
within the radial channels and linked to an
N-terminally shortened HR-A via a predomi-
nantly extended polypeptide. The HR-B heli-
ces are likely unassociated.
(b) In the stable (postfusion) form, the fusion
peptide is located adjacent to the transmem-
brane anchor, and a full-length HR-A coiled
coil is formed along the molecular axis with
the HR-B helices packing antiparallel within
its grooves. The pathway of transition be-
tween the two forms is unknown.
is unknown, we confirm that in our crystals, an approxi- Two locations for the missing C-terminal residues
(455–501) of F0 can be contemplated, depending on themately “straight line” connection between residues 105
and 171 is not hampered by crystal contacts in any of orientation that the particle adopts with respect to
the viral membrane. The first location is at the base of thethe six asymmetric unit monomers.
The above interpretation is consistent with studies of stalk, as in SV5-F-N1/C1, with the HR-B helices presum-
ably then being in relatively weak self-associationfree and antibody-labeled RSV-F via negative-stain EM
[27]. In this study, RSV-F was produced both as a mem- around the three-fold axis. This we term the “head-out”
model. The alternative location places the C terminusbrane-anchorless preparation and as a full-length prep-
aration. The full-length preparation appeared in two of F0 on the upper surface of the head, requiring that
the polypeptide makes a 1808 reverse turn C-terminalmorphologies, a “cone-shaped” species and a “lollipop-
shaped” species; these were always aggregated via of Q454. This we term the “stalk-out” model. Residues
455–501 could span about 165 A˚ in a fully extendedtheir stalks. The membrane-anchorless preparation was
observed either as an unaggregated cone-shaped spe- conformation, sufficient to cover the z90 A˚ distance
from Q454 to the top extremity of the head. This lattercies or as an aggregated lollipop species. Our model
correlates F0 with the cone-shaped species and corre- model, however, appears to be inconsistent with the
location of escape mutations on the upper surface oflates degraded F0 with the lollipop-shaped species, in
that the relocation of residues 106–170 of HR-A from the head structures of both the cone and lollipop forms
of RSV-F, as well as with the observation that the conethe neck and upper stalk to the base of the molecule
contributes to the “thinning” of the stalk that is required and lollipop forms are of similar length [27].
to achieve the change in morphology from cone to lolli-
pop. This proposal is also consistent with the increase Antigenic and Other Sites of Interest
Table 1 presents the location in our model of reportedover time of the relative percentage of the aggregated
(lollipop-shaped) particles compared to soluble (rod- antigenic epitopes in NDV-F. In particular, we note that
site A4 includes residues S157, T161, and D170, whichshaped) particles in the membrane-anchorless prepara-
tion of RSV-F [27], i.e., F0 is likely analogous to the less are unobserved in our structure. Analogs of these resi-
dues in SV5-F (A143, T147, and A157) are buried in thestable form, and degraded F0 to the more stable form.
Importantly, the spatial arrangement of antigenic sites SV5-F-N1/C1 structure. However, it is likely that they are
exposed in our model of F0, which places the segmenton the head–neck regions of these two forms of RSV-F
appears to be identical, at least at the resolution of the containing these residues on the outer periphery of the
protein. We note further that the multisite mutation atexperiment [27], consistent with our interpretation that
the head and neck regions of F0 and degraded F0 in our A378 lies four residues N-terminal to domain II and is
located close to the outer perimeter of the top surfacecrystals are closely similar in structure. We note that
our interpretation assumes that in the native protein, of the trimeric head. Antibody binding at this site would
favor the head-out model of F0.cleavage at the F2–F1 junction results in minimal struc-
tural change in F0 (presumably limited to the sequestra- Two mutations (L268A and L289A) have been shown
to affect the fusion properties of NDV-F [28]. L268 liestion of the fusion peptide into a nonaqueous environ-
ment, as is the case in HA [9]). Indeed, the proximity of immediately N-terminal to strand IIIb; its side chain is
surface-exposed at the point where the radial channelS105 to the mouth of the radial channel suggests that
the fusion peptide might be sequestered into that chan- opens into the axial channel. Replacing this residue with
alanine completely inactivates fusion. L289 lies at thenel upon cleavage (Figure 7a). Relocation of the fusion
peptide to the base of the stalk upon formation of a C terminus of neighboring strand IIIc approximately 7 A˚
away from L268. While L289 forms part of the surfacefull-length HR-A coiled coil (Figure 7b) would then be
consistent with the observed change in morphology of of the radial channel, its side chain is oriented inward
toward helix N3 of the same monomer. Replacing thisthe membrane-anchorless preparation of RSV-F upon
aggregation. residue with alanine removes the requirement for HN in
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Table 1. Location of NDV-F Escape Mutations
Sitea Location Mutant Surface exposed
A1, II, 1 Loop segment between D72G yes
strand IIIa and interchain D72Y yes
disulphide E74K yes
A75E yes
A2 N terminus of HR-C K78E yes
A3 N terminus of HR-C A79T partially
A4, III N-terminal portion of S157N unobserved
HR-A T161I unobserved
D170Nb unobserved
D170G unobserved
G171R ?
A5, I, 2 Loop segment between L343S yes
stands If and Ig L343P
Multisitec Four residues N-terminal A378V yes
to strand IIa
a Sites A1–A5 are as defined in [45], I–III are as defined in [46], and 1 and 2 are as defined in [46]. Sites A2 and A3 partially overlap.
b Residue D170 occurs as N170 in our sequence (Queensland Strain, V4 isolate).
c The multisite escape mutant [47] was generated via sequential pressure of antibodies both to Site 1 and 2. It includes the A75E mutation
of Site 1.
fusion. It is hence possible that the mutation L268A receptor binding site on HA, or away from the C-termi-
nally anchored viral membrane. The consequences of aalters the hydrophobic interaction between the fusion
peptide and the remainder of the protein, if indeed the transition of this type in the structure we report here for
NDV-F are dependent on the orientation of the molecule,fusion peptide lies within the radial channel. On the other
hand, L289A may facilitate the structural transition of which we have argued is likely head-out, with respect
to the viral membrane. In the head-out model, a simplethe protein by reducing the hydrophobic interaction be-
tween b domain III and helix N3, thus allowing fusion extension of the central coiled coil back toward its N
terminus will project the fusion peptide toward the viralactiviation to occur without the requirement for HN.
However, at this stage, these explanations for the effect membrane. While the apparent result would be fusion
inactivation, fusion peptides in this location may partici-of the NDV-F mutations and those in SV5-F must remain
speculative. pate in lipid mixing during the formation of a fusion pore
[29]. Nevertheless, at least some of the fusion peptides
from the molecules forming the putative fusion pore areComparison with Influenza Virus HA and HEF
The NDV-F structure presented here has a fundamen- presumably required to enter the target membrane for
fusion to occur. We have suggested above that aftertally different folding topology than that observed for
the metastable forms of HA [8] and HEF [10]. The head cleavage of F0 into F1 and F2, the hydrophobic fusion
peptide becomes sequestered in the radial channel, andregions of HA and NDV-F show no recognizable com-
mon fold, and neither HA nor HEF display the large an initial event such as receptor binding then triggers
the exposure of the fusion peptides. If we assume thatcentral channel apparent in NDV-F. The most striking
difference between the proteins lies in what is arguably the structural transition is axially symmetric (as opposed
to the molecule simply inclining with respect to the nor-their sole common element, namely, the central coiled
coil. In NDV-F, HR-A is oriented with its C terminus mal direction at the viral membrane and inserting a sin-
gle radially-released fusion peptide into the target), thendirected toward the head of the molecule, while in HA
and HEF, the central coiled coil is oriented with its N two plausible models for the structural transition are as
follows. In the first model, exposure of the fusion pep-terminus toward the head of the molecule. If the head-
out model is correct, then this has fundamental implica- tides is via a florescent-like opening and disassembly
of the head, with the three head-to-neck connectingtions for the mode of action of the molecule (see below).
polypeptide strands (Figures 3 and 4) within each mono-
mer providing a potential hinge. The fusion peptides areProposed Conformational Changes
upon Fusion Activation then exposed to the target membrane. We note that
in this intermediate structure, helix N1 as well as theOur structure thus provides tentative models for both
the metastable and stable forms of NDV-F (Figure 7). The C-terminal portion of HR-A are likely to be exposed; this
region of the molecule has recently been suggested tochallenge is now to understand the transition pathway
between these forms. Coordinated changes are required play a role in fusion in Sendai virus [30]. Transition to
the final postfusion form would then involve the removalboth to insert the fusion peptide into the target mem-
brane and to bring the fusion peptides and transmem- of the central HR-A hairpin (nominally at G171) and the
formation of a full-length HR-A coiled coil (as exempli-brane anchors into close proximity [5]. In HA, it is thus
likely that an early transition is the extension of the coiled fied by the overlay shown in Figure 6). Within this model,
the metastable nature of the molecule may relate tocoil back toward the N terminus (i.e., toward the fusion
peptide). Topographically, this extension is along the the release of considerable free energy [29] upon the
formation of the extended full-length HR-A. The alterna-central molecular three-fold axis in the direction of the
Structure of NDV-F
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Table 2. Data Collection and Heavy Atom Refinement Statistics
C forma P formb C form P form C form
Native Native Xe derivative PIP derivative Native
Number of crystals 1 1 1 1 15
Temperature (8C) 2165 2165 2165 2165 4
Max. resolution (A˚) 4.0 4.5 4.5 4.5 3.3
Number of images 295 362 113 398 422
Number of measured reflections 133,173 87,637 46,430 109,346 438,164
Number of unique reflections 38,622 15,381 35,502 28,387 73,130
Multiplicity 3.5 (3.2)c 5.7 (5.6) 1.4 (1.2) 3.9 (3.3) 6.1 (2.3)
Completeness (%) 93.3 (92.3) 99.5 (99.5) 63.6 (53.5) 99.7 (97.4) 96.2 (87.2)
,I/s(I). 6.3 (2.4) 16.2 (3.2) 3.7 (1.2) 8.8 (1.4) 7.04 (1.2)
Rmerged 0.18 (0.53) 0.11 (0.63) 0.14 (0.65) 0.15 (0.79) 0.22 (0.88)
SIR resolution range (A˚) 15.0–6.0 12.0–6.0
Number of sites 6 11
Centric Rcullise 0.64 0.74
Acentric Rcullis (iso./anom.) 0.65/0.66 0.67/0.84
Centric phasing powerf 1.37 1.45
Acentric phasing power 1.71/0.73 2.04/1.45
(iso./anom.)
FOMg 0.17 0.38
a C form: space group C2221, a 5 134.39 A˚, b 5 308.33 A˚, c 5 243.00 A˚.
b P form: space group P2221, a 5 68.44 A˚, b 5 152.36 A˚, c 5 240.89 A˚.
c Numbers in parentheses refer to the outer resolution shell.
d Rmerge 5 ShSijIih 2 ,Ih.j/ShSiIih.
e Rcullis 5 ,phase-integrated lack of closure./,jFPH 2 FPj..
f Phasing power 5 ,(FH/phase-integrated lack of closure)..
g FOM 5 ,Two-dimensional figure of merit., computed to phasing resolution of 4.5 A˚.
tive model is to contemplate the fusion peptides emerg- Biological Implications
ing from the axial channel in an active fashion (e.g., via
coiled coil formation), unzippering in the process the At the molecular level, little is known about the events
involved in the fusion of the viral and target cell mem-spine between residues 171 and 221. This could be
followed by the folding together of HR-A and HR-B, branes during the initial stages of Paramyxoviridae in-
fection. Within this viral family, fusion is mediated by athus generating the stable structure analogous to that
observed for the SV5-F-N1/C1 complex. However, it is surface glycoprotein F. The process of membrane fusion
is believed to involve structural transitions of F from anot clear whether the observed segment of the HR-A
coiled coil in NDV-F is capable of dissociation. The HR-A metastable (prefusion) form to the stable (postfusion)
form. F contains two highly hydrophobic segments,axial interaction in NDV-F is mixed hydrophobic/polar
and is well packed around the axis. By comparison, namely, a viral transmembrane anchor and an additional
segment termed the fusion peptide that is presumed tothe central coiled coil in BHA contains two structurally
distinct zones; one of which exhibits a hydrophobic in- embed into the target cell membrane. The fusion event
is believed to bring these segments into close proximity.teraction across the three-fold axis, while the other is
expanded away from the three-fold axis and involves We have determined the three-dimensional structure
of the fusion protein of Newcastle diseases virus. Seren-an interaction of charged and polar residues. It is the
former zone that appears to be structurally maintained dipitously, the structure provides further information
about possible structural transitions that may occurin the postfusion TBHA2 structure. However, the EM
results [31] suggest that despite its hydrophobic nature, upon fusion. In particular, we show how it complements
recent studies of fragments of SV5-F that exhibit a highlythe entire central coiled coil of BHA may disassociate
during the transition. stable hexameric coiled-coil structure. We propose that
prior to fusion, the fusion peptide is located within aIn summary, we consider that our structure provides
the first atomic level insight into the changes in the large radial channel within the head of the molecule, and
that the fusion event involves, inter alia, a lengthening ofparamyxoviral F protein that must accompany the fusion
process. These transitions appear to be radically differ- the central coiled coil to bring the fusion peptide into
juxtaposition with the viral membrane anchor.ent than those that are proposed to accompany fusion
in influenza virus HA. Whether or not this reflects the Models for the process of fusion have borrowed ex-
tensively from the well-characterized influenza virusfundamentally different environments in which these
molecules operate (extracellular versus endosomal) is hemagglutinin (HA) system. Our structure, however,
shows that there is very limited structural similarity be-open to speculation. A simple extrapolation of the HA
mechanistic paradigm to systems such as human immu- tween NDV-F and HA. In particular, the central triple-
stranded coiled coil, which is arguably the sole commonnodeficiency virus type 1 and Ebola virus may hence
not be appropriate, and thus some doubt may be cast element in NDV-F and HA, is oriented in the opposite
direction in these two molecules. This suggests thaton the hypothesis that fusion in these systems is linked
via a common fusion protein ancestor [10]. the pathways by which apposition of the viral and cell
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Figure 8. Stereo Diagram of a Portion of the
Final Electron Density Map Obtained via
Phase Extension to 3.5 A˚ Resolution
Overlaid on the map are residues from the
final model of NDV-F, including the C termi-
nus of HR-A (residues 208–219 running bot-
tom-to-top in the center of the diagram) as
well as residues in the linker strand between
domain II and the putative HR-B (residues
444–448 running top-to-bottom down the
right-hand side of the diagram), with these
latter residues being from a neighboring mo-
nomer. Overlaid on the (Fcalc,acalc) map are res-
idues from the side chains from adjacent
HR-A segments that protrude into the map
from the left. The figure was produced using
MOLSCRIPT [49].
Native Patterson Analysismembranes is achieved may be quite different; and
Self-rotation functions from both crystal forms showed a three-hence, a simple extrapolation of the HA mechanistic
fold axis lying approximately parallel to the x,y-diagonal of the cell.paradigm to fusion proteins of systems such as human
Comparison of the cell dimensions with that of the club-shaped
immunodeficiency virus type 1 and Ebola virus may not particles of NDV-F obtained via EM further suggested that the P
be appropriate. cell consisted of layers of trimeric molecules stacked head-to-tail
along a direction approximately parallel to the x,y-diagonal. The C
Experimental Procedures form native Patterson contained a peak at (0.500, 0.014, 0.000) of
1/3 origin height, suggesting that the C form cell could be derived
Cloning, Production, EM Analysis, and Crystallization of F0 from the P form by off-setting every alternate trimeric molecule by
The cloning, production, EM image processing, and crystallization about 4 A˚ in the y-direction, with the asymmetric unit now containing
of membrane-anchorless F0 from the NDV Queensland strain (V4 two trimers.
isolate) as well as the preliminary X-ray analysis of these crystals
will be described elsewhere (L.C. et al., unpublished data).
Heavy Atom Derivatives and Phase Extension
The PIP derivative was solved using SOLVE v1.12 [33] and SHARPX-Ray Data Collection and Processing
[34]; phasing statistics are presented in Table 2. A 4.5 A˚ singleDetails of X-ray data collection and processing are given in Table
isomorphous replacement (SIR) electron density map obtained with2. Native diffraction data from both P and C form crystals were
SHARP was then three-fold-averaged without applying a mask. Thecollected in the laboratory using either an R-AXIS II or an R-AXIS
resultant map was low-pass filtered using the Wang procedure [35]IV image-plate detector (Rigaku) mounted on an M18XHF-SRA gen-
and inspected for the presence of a molecular envelope. While theerator (MacScience) equipped with helium windows and mirror fo-
resultant envelope had a shape closely similar to that obtained viacusing optics. A di-m-iodo-bis(ethylene-diamine)-di-platinum(II)ni-
EM in the head region, it was about 40 A˚ too short in the stalk region.trate (PIP) derivative was prepared by equilibrating a C form crystal
Given this uncertainty in the envelope, the initial phase extensionin 1.7 M Li2SO4, 100 mM Tris-HCl (pH 8.5) overnight and then adding
proceeded with a cylindrically symmetric envelope of length 170 A˚2 mM PIP and allowing it to soak for 24 hr. The resultant crystal
derived from EM image processing, manually colocated with thewas in the P form. The xenon derivative was prepared by preequili-
low-pass-filtered SIR-based envelope described above. Phase ex-brating a C form crystal in 40% sucrose as cryoprotectant and then
tension from 6.0 A˚ to 4.5 A˚ was then carried out using DM v1.8.1pressurizing in xenon at 3.4 MPa for 15 min prior to cryofreezing. In
[36]. While a distinct left-handed coiled-coil structure was visiblethe absence of an adequate cryoprotection protocol for the crystals,
within the stalk region of the map, the quality and resolution wereadditional native diffraction data were collected from C form crystals
too low to produce any easily identifiable secondary structure withinat 48C using beam-lines BM14C and ID14B at the Advanced Photon
the head region. Despite attempts to allow for a “curved” trimericSource (APS, Argonne) equipped with ADSC Quantum 4 CCD detec-
axis, the density correlation within the stalk extremity remainedtors. All data sets were obtained as 0.58 or 1.08 oscillation images
considerably poorer than could be achieved within the head region,and processed using DENZO/SCALEPACK [32]. The final 48C data
and the EM envelope was thus retained as the best available.set was assembled from 3 in-house crystals and 12 crystals from
The SIR electron density contained within the EM envelope wasthe APS.
then used as a search object to locate the two equivalent positions
of the trimer within the C cell using the 21658C native data set. Two
sites were located with TFFC [37], and the contents of the C form
Table 3. Crystallographic Refinement Statistics cell were then assembled from these two translated copies of the
P form electron density. Phase extension was then attempted toRefinement range (A˚) 8.0–3.3
4.0 A˚, but the overall map quality remained poor.R factor 0.224
A xenon derivative of the C form was then obtained (Table 2) andRfree 0.273 solved via difference Fourier techniques. A new molecular envelopeRmsd from ideality
was generated from the xenon SIR electron density map as follows.Bonds (A˚) 0.009
The entire 170 A˚ long trimeric molecular volume was partitionedAngles (8) 1.5
into five nonoverlapping cylinders of varying radii, and the noncrys-Number of atoms
tallographic operators associated with each cylinder refined inde-Protein 16,050
pendently. Envelopes were then generated within each cylinder us-Carbohydrate 291
ing COMA and MAMA [38] and then combined to give a singleAverage B factors (A˚2)
trimer envelope of the correct volume. No significant change in axialMain chain 39.7
direction down the length of the molecule was detected, though theSide chain 41.5
accuracy of the operators associated with the two cylinders definingCarbohydrate 73.4
the extremity of the stalk was relatively low. The combined envelope
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was somewhat longer (155 A˚) than had been achieved before, but 2. Morrison, T.G., and Portner, A. (1991). Structure, function, and
intracellular processing of the glycoproteins of Paramyxoviri-still did not span the entire 170 A˚. This envelope was then partitioned
into two domains at an apparent constriction point approximately dae. In The Paramyxoviruses, D.W. Kingsbury, ed. (New York:
Plenum Press), pp. 347–382.100 A˚ from the top of the trimeric head. Phase extension from 6.0
to 3.5 A˚ using the 48C native data set and starting phases from the 3. Lamb, R.A. (1993). Paramyxovirus fusion: a hypothesis for
changes. Virology 197, 1–11.xenon derivative then led to a greatly improved map (Figure 8),
with distinctive side chain electron density now being visible. The 4. Skehel, J.J., and Wiley, D.C. (1998). Coiled coils in both intracel-
lular vesicle and viral membrane fusion. Cell 95, 871–874.enveloping procedure was then repeated starting from the (Fobs, acalc)
map derived from the phase extension procedure, using only a single 5. Weissenhorn, W., Dessen, A., Calder, L.J., Harrison, S.C.,
Skehel, J.J., and Wiley, D.C. (1999). Structural basis for mem-cylindrically symmetric volume to encompass the trimer. The phase
extension itself was repeated using this new envelope, and, again, brane fusion by enveloped viruses. Mol. Membr. Biol. 16, 3–9.
6. Waters, M.G., and Hughson, F.M. (2000). Membrane tetheringredivided into two domains. No significant improvement was visible
in the electron density in the stalk extremity. The final real-space and fusion in the secretory and endocytotic pathways. Traffic
1, 588–597.correlation coefficients between NCS-related regions were as fol-
7. Skehel, J.J., and Wiley, D.C. (2000). Receptor binding and mem-lows: head domain, 0.922 within trimers and 0.942 between trimers;
brane fusion in virus entry: the influenza hemagglutinin. Annu.stalk domain, 0.894 within trimers and 0.934 between trimers.
Rev. Biochem. 69, 531–569.
8. Wilson, I.A., Skehel, J.J., and Wiley, D.C. (1981). Structure ofModel Building and Crystallographic Refinement
the haemagglutinin membrane glycoprotein of influenza virusInitial map interpretation was assisted by the presence of disulphide
at 3 A˚ resolution. Nature 289, 366–373.bridges, extensive a-helical regions, and the presence of glycan
9. Chen, J., Lee, K.H., Steinhauer, D.A., Stevens, D.J., Skehel, J.J.,at four of the anticipated N-linked glycosylation sites. However,
and Wiley, D.C. (1998). Structure of the hemagglutinin precursorextensive portions of the polypeptide appeared absent or poorly
cleavage site, a determinant of influenza pathogenicity and thedefined, particularly toward the terminus of the stalk. An atomic
origin of the labile conformation. Cell 95, 409–417.model of the fusion protein monomer was built using O [39] and
10. Rosenthal, P.B., et al., and Wiley, D.C. (1998). Structure of thesubjected to torsional angle molecular dynamics/simulated anneal-
haemagglutinin-esterase-fusion glycoprotein of influenza C vi-ing refinement [40] within X-PLOR [41] with strong noncrystallo-
rus. Nature 396, 92–96.graphic symmetry (NCS) restraints. An Rfree factor [42] (5% of the
11. Baker, K.A., Dutch, R.E., Lamb, R.A., and Jardetzky, T.S. (1999).data) was monitored throughout. The initial refinement included all
Structural basis for paramyxovirus-mediated membrane fusion.reflections within the range 8.0–3.5 A˚ and yielded an R factor of
Mol. Cell 3, 309–319.34.5% (Rfree of 36.4%). The refinement then proceeded via iterative
12. Bullough, P.A., Hughson, F.M., Skehel, J.J., and Wiley, D.C.rounds of rebuilding, Powell minimization, gradual relaxation of the
(1994). Structure of influenza haemagglutinin at the pH of mem-NCS restraints as warranted, and inclusion of a bulk solvent correc-
brane fusion. Nature 371, 37–43.tion. Inclusion of restrained B factor refinement in the final stages
13. Caffrey, M., et al., and Clore, G.M. (1998). Three-dimensionalof refinement appeared warranted, leading to a drop of 3% in the
solution structure of the 44 kDa ectodomain of SIV gp41. EMBOR factor and 4% in Rfree. Final refinement statistics are given in Table
J. 17, 4572–4584.3. The final model consisted of residues 33–105 and 171–454 for
14. Chan, D.C., Fass, D., Berger, J.M., and Kim, P.S. (1997). Coreeach of the 6 monomers and 21 ordered sugar residues distributed
structure of gp41 from the HIV envelope glycoprotein. Cell 89,across 12 of the 24 potential N-linked sites in the 2 trimers. The
263–273.Ramachandran plot had 79.6% of the residues lying within the most
15. Chen, J., Skehel, J.J., and Wiley, D.C. (1999). N- and C-terminalfavorable regions and only two nonglycine residues lying in the
residues combine in the fusion-pH influenza hemagglutinindisallowed regions. The mean correlation coefficient [39] between
HA(2) subunit to form an N cap that terminates the triple-the model backbone atoms and the final (2Fo-Fc) sA-weighted map
stranded coiled coil. Proc. Natl. Acad. Sci. USA 96, 8967–8972.electron density [43] was 77%, falling below 50% only in the vicinity
16. Fass, D., Harrison, S.C., and Kim, P.S. (1996). Retrovirus enve-of the loops at residues 311–314 and 411–413 and of the visible
lope domain at 1.7 angstrom resolution. Nat. Struct. Biol. 3,N-terminal portion of the HR-A coiled coil. The limited resolution
465–469.led us to seek an additional check on the topology: Profiles-3D
17. Kobe, B., Center, R.J., Kemp, B.E., and Poumbourios, P. (1999).[44] yielded a self-compatibility score of 461, which compared very
Crystal structure of human T cell leukemia virus type 1 gp21favorably with the expected score of 494 for a valid protein of com-
ectodomain crystallized as a maltose-binding protein chimera
parable size.
reveals structural evolution of retroviral transmembrane pro-
teins. Proc. Natl. Acad. Sci. USA 96, 4319–4324.
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